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Acceleration of P/C-Type Inactivation in Voltage-Gated K* Channels by
Methionine Oxidation
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ABSTRACT Oxidation of amino acid residues causes noticeable changes in gating of many ion channels. We found that
P/C-type inactivation of Shaker potassium channels expressed in Xenopus oocytes is irreversibly accelerated by patch
excision and that this effect was mimicked by application of the oxidant H,O,, which is normally produced in cells by the
dismutase action on the superoxide anion. The inactivation time course was also accelerated by high concentration of O,.
Substitution of a methionine residue located in the P-segment of the channel with a leucine largely eliminated the channel’s
sensitivity to patch excision, H,O,, and high O,. The results demonstrate that oxidation of methionine is an important

regulator of P/C-type inactivation and that it may play a role in mediating the cellular responses to hypoxia’/hyperoxia.

INTRODUCTION

Oxidation of amino acid residues in proteins is known to
alter their functional properties (Stadtman, 1993). Ton chan-
nel proteins are often a target of oxidation induced by a
diverse array of physiological factors, including those oxi-
dants involved in intracellular signaling, such as nitric oxide
(NO) (Suzuki et al., 1997, Wolin and Mohazzab, 1997,
Kourie, 1998). Oxidation of amino acid residues may also
mediate the sensitivity of some ion channels to oxygen
(Lépez-Barneo, 1996). Voltage-gated K* channels, which
play important roles in action potential generation and ac-
tion potential frequency, are regulated by oxidation (Kourie,
1998). Among the cloned K™ channels, oxidation decreases
the activity of Kv1.3 (Duprat et al., 1995; Szabo et al.,
1997), Kv1.4, Kvl.5, Kv3.4 (Duprat et al., 1995), and
Kv3.3 (Vega-Saenz de Miera and Rudy, 1992), while out-
ward K™ currents through HERG channels are enhanced by
oxidation (Taglialatela et al., 1997). Deactivation of the
Kv1.4 channel is also slowed by oxidation (Stephens et al.,
1996). N-type inactivation mediated by the ball-and-chain
mechanism in Kvl.4 (RCK4) and Kv1.4/Kvf channels is
dependent on the cellular redox state in a cysteine-depen-
dent manner (Ruppersberg et al., 1991; Rettig et al., 1994;
Heinemann et al., 1995).

Methionine is readily oxidized to form methionine sul-
foxide (met(O)) by the addition of an oxygen to the sulfur
atom (Stadtman, 1993; Vogt, 1995). In strong oxidative
conditions, met(O) can be further oxidized to methionine
sulfone (Vogt, 1995). Oxidation of methionine to met(O)
alters the side-chain property such that changes in the over-
all protein hydrophobicity may be observed (Chao et al.,
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1997). Physiological oxidation of methionine residues has
been documented in calmodulin isolated from aged brains
(Michaelis et al., 1996). Cellular reduction of met(O) to
methionine is catalyzed by the enzyme peptide methionine
sulfoxide reductase (MSRA) using thioredoxin (Rahman et
al., 1992; Moskovitz et al., 1996). Methionine oxidation and
MSRA may function as a general antioxidant mechanism
(Levine et al., 1996; Moskovitz et al., 1998) and also as a
regulator of cellular function (Ciorba et al., 1997; Berlett et
al., 1998; Gao et al., 1998; Ciorba et al., 1999; Kuschel et
al., 1999). Localization of human MSRA in some tissues,
including selected regions of the brain, suggests that methi-
onine oxidation and MSRA may have specific physiological
roles (Kuschel et al., 1999). Methionine oxidation has been
shown to modulate N-type inactivation of a Drosophila
transient A-type K* channel (ShC/B) expressed in oocytes
(Ciorba et al., 1997). Oxidation of methionine at position 3
in the cytoplasmic inactivation ball domain to met(O) dra-
matically slows down inactivation, and heterologous ex-
pression of MSRA accelerates the inactivation time course.
Nitric oxide, possibly working via peroxynitrite, also slows
down the ShC/B inactivation time course by promoting
oxidation of the N-terminal methionine (Ciorba et al.,
1999).

In the absence of N-type inactivation, the Shaker channel
displays P/C-type inactivation (Hoshi et al., 1991; Cha and
Bezanilla, 1997; Olcese et al., 1997; Loots and Isacoff,
1998). P/C-type inactivation is mediated at least in part by
the amino acid residues in the S5-, P-, and S6-segments of
the channel (Iverson and Rudy, 1990; Hoshi et al., 1991;
Lopez-Barneo et al., 1993; Heginbotham et al., 1994; Ol-
cese et al., 1997; Yang et al., 1997; Ogielska and Aldrich,
1998; Ogielska and Aldrich, 1999). In the ShB channel, for
example, both residue 449 in the external mouth of the
P-segment and residue 463 in the S6 segment control P/C-
type inactivation, although residue 449 appears to have a
more dominating influence over residue 463 (Hoshi et al.,
1991; Lopez-Barneo et al., 1993; Ogielska and Aldrich,
1999). P/C-type inactivation is considered to involve con-
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striction of the ion conduction pathway (Yellen et al., 1994;
Liu et al., 1996; Schlief et al., 1996), and P- and C-type
inactivation mechanisms could be distinguished by using
different experimental protocols (Cha and Bezanilla, 1997;
Meyer and Heinemann, 1997; Olcese et al., 1997; Loots and
Isacoff, 1998). It has been suggested that the channel first
enters the relatively unstable P-type inactivated state and
then proceeds to enter the more stable C-type inactivated
state (Loots and Isacoff, 1998). Like N-type inactivation,
P/C-type inactivation may be regulated by cytoplasmic fac-
tors as patch excision alters the inactivation time course in
the Kv1.3 channel (Kupper et al., 1995). Those Shaker
channels with fast P/C-type inactivation are also known to
be more sensitive to the oxidizing agent chloramine-T
(Ch-T) (Schlief et al., 1996).

The Shaker potassium channel contains multiple methi-
onine residues at various locations, including the P-seg-
ment. Because many residues in the P-segment are known to
be involved in regulation of P/C-type inactivation (Iverson
and Rudy, 1990; Hoshi et al., 1991; Lopez-Barneo et al.,
1993; Olcese et al., 1997; Yang et al., 1997; Ogielska and
Aldrich, 1998), we examined how methionine oxidation
may regulate P/C-type inactivation in the absence of N-type
inactivation. The results show that oxidation of a specific
methionine residue in the Shaker channel P-segment mod-
ulates the inactivation time course and that oxidation of this
methionine is promoted by high O,, suggesting that methi-
onine oxidation may play a role in the regulation of cellular
excitability in response to hypoxia/hyperoxia.

MATERIALS AND METHODS
Mutant channel

The ShBA6—46:M440L:T449S plasmid DNA was constructed by standard
polymerase chain reaction-mediated cassette mutagenesis, using the Hin-
dIII and Nisil sites in the ShBA6—46 DNA (Lopez-Barneo et al., 1993). The
fragment amplified by polymerase chain reaction was sequenced (The
University of lowa DNA core).

Expression in oocytes

The K" channels were expressed in Xenopus oocytes essentially as de-
scribed previously (Hoshi et al., 1990), using an animal use protocol
approved by the University of lowa Animal Care and Use Committee. The
ShBA6—-46:T449S, ShBA6—-46:T449K, and ShBA6-46:M440L:T449S
DNAs were linearized with Ndel, and the RNAs were synthesized with T7
RNA polymerase, using a commercially available kit (Ambion, Austin,
TX). Recombinant purified bovine MSRA (Moskovitz et al., 1996) was
obtained from N. Brot (Hospital for Special Surgery, New York, NY).

Electrophysiology

The patch-clamp recordings were obtained with an AxoPatch 200 amplifier
(Axon Instruments, Foster City, CA). The borosilicate pipettes were coated
with dental wax to record macroscopic currents and with sylgard to record
single-channel currents. Unless otherwise indicated, the holding voltage
was —90 mV. Because of the slow recovery from inactivation of the
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ShBA6—-46:T449S channel, depolarizing pulses were applied every 60 s,
which severely hindered the single-channel data collection. The patch-
clamp output signal was filtered through a Bessel filter unit and digitized
with an ITC-16 interface (Instrutech, Port Washington, NY) attached to an
Apple Power Macintosh computer. The macroscopic currents were filtered
at 3 kHz, and the single-channel currents were filtered at 5 kHz. The
single-channel data were further filtered digitally for later analysis. The
data were collected and analyzed using Pulse/PulseFit (HEKA, Lambrecht,
Germany), PatchMachine (http://www.hoshi.org), IgorPro (WaveMetrics,
Lake Oswego, OR), and DataDesk (DataDescriptions, Ithaca, NY). Linear
leak and capacitative currents have been subtracted from the data
presented.

The macroscopic inactivation time course was fitted with a single
exponential or the sum of two exponentials using IgorPro, excluding the
initial 3.5 ms after the depolarization onset. The rate constant values in the
three-state scheme presented (Scheme II; see later) were also estimated
using IgorPro. The single-channel analysis was performed using PatchMa-
chine (http://www.hoshi.org) and custom routines implemented in IgorPro
(Avdonin et al., 1997).The normal external/pipette solution contained (in
mM) 140 NaCl, 10 KCl, 2 CaCl,, and 10 HEPES, with the pH adjusted to
7.2 with N-methylglucamine (NMG). The high K™ external/pipette solu-
tion contained (in mM) 10 NaCl, 140 KCl, 2 CaCl,, and 10 HEPES, with
the pH adjusted to 7.2 with NMG. The internal/bath solution contained (in
mM) 140 KCI, 2 MgCl,, 10 EGTA, and 10 HEPES, with the pH adjusted
to 7.2 with NMG. In the presence of this high K* solution, after the
vitelline membrane removal, the oocytes had a typical resting potential of
~0 mV, as verified by an intracellular microelectrode filled with 3 M KC1
(data not shown). Thus the absolute voltages in the cell-attached and
inside-out configurations are expected to be very similar.

H,0, (Sigma, St. Louis, MO) solutions were prepared immediately
before use. For the high-O, experiments, the bath solution was aerated with
100% O, for at least 20 min before use.

RESULTS

Variability in the ShBA6-46:T449S inactivation
time course

The ShBA6—46:T449S channel contains a large deletion in
the N-terminus (A6—46) to disrupt N-type inactivation me-
diated by the ball-and-chain mechanism (Hoshi et al.,
1990). The T449S mutation in the P-segment accelerates the
P/C-type inactivation time course to a more experimentally
manageable range (Lopez-Barneo et al., 1993; Schlief et al.,
1996; Meyer and Heinemann, 1997). Representative mac-
roscopic ShBA6—-46:T449S currents recorded from 17 dif-
ferent patches in the cell-attached configuration are shown
in Fig. 1. The inactivation time course of the ShBA6—46:
T449S channel is quite fast, comparable to N-type inacti-
vation observed in some variants of the Shaker channel
(Zagotta et al., 1989). It is also clear that the inactivation
time course was markedly variable in different patches. To
quantify the inactivation kinetics, the current time course of
the ShBA6—-46:T449S channel was approximated by the
sum of two exponential components, consistent with the
earlier observation of Meyer and Heinemann that the chan-
nel undergoes two distinct inactivation phases (Meyer and
Heinemann, 1997). In different patches, the time constant
values were similar, ~5 and ~40 ms (see Fig. 2 D), but the
relative amplitudes of the two exponential components were
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FIGURE 1 Inactivation time course of the ShBA6—46:T449S channel is
variable. (4) Currents recorded in the cell-attached configuration in re-
sponse to pulses from —90 mV to +50 mV are scaled and shown super-
imposed. The data were obtained from multiple oocytes isolated from one
animal. The mean peak amplitude of the currents shown was 1.3 (* 0.4)
nA. The Spearman rank correlation rho between the peak current amplitude
and the relative amplitude of the slow inactivation component was —0.57.
(B) The current traces shown in 4 were fitted with the sum of two
exponential functions, and the relative amplitudes of the slow inactivation
component in the patches examined are shown. The time constant values
are shown in Fig. 2 D.

noticeably different, with the slow component fraction rang-
ing from 10% to 50% (Fig. 1 B). This inactivation variabil-
ity was even present in multiple patches taken from the
same oocyte. The observed variability indicates that the
inactivation process is subject to biological regulation. N-
type inactivation of the ShC/B channel expressed in Xeno-
pus oocytes also shows similar variability, and methionine
oxidation has been shown to underlie this variability (Ci-
orba et al., 1997).

Patch excision accelerates the inactivation
time course

Patch excision is known to influence inactivation of several
heterologously expressed voltage-dependent K™ channels,
including Kv1.4 (Ruppersberg et al., 1991), Kv1.4/Kvf
(Rettig et al., 1994; Heinemann et al., 1995), Kv1.3 (Kupper
et al., 1995), Raw3 (Kv3.4) (Ruppersberg et al., 1991), and
ShC/B (Ciorba et al., 1997). These observations have been
interpreted to suggest that the channels are regulated by
cytoplasmic factors. Oxidative modifications of cysteine
and methionine account for the changes in N-type inactiva-
tion induced by patch excision in Kv1.4 (Ruppersberg et al.,
1991), Kv1.4/Kv (Rettig et al., 1994; Heinemann et al.,
1995), and ShC/B (Ciorba et al., 1997), respectively. We
found that the inactivation time course of the ShBA6—46:
T449S channel that displays only P/C-type inactivation was
accelerated by patch excision. Fig. 2 4 compares represen-
tative ShBA6—46:T449S currents recorded from one patch
in the cell-attached and the excised configurations. Patch
excision markedly accelerated the overall inactivation time
course. The inactivation time course was fitted with the sum
of two exponentials, and the time constant values and the
relative amplitudes of the two exponential components are
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FIGURE 2 Patch excision accelerates the ShBA6—46:T449S channel
inactivation. (4) Consecutive currents recorded in response to pulses from
—90 mV to +50 mV in the cell-attached (CA), inside-out (I0), and
cramming (CRAM) configurations in one representative experiment. The
current traces recorded in the cell-attached configuration were slower than
those in the inside-out or cramming configuration. (B) The currents traces
shown in 4 were fitted with the sum of two exponentials, and the time
constant values in the three patch-clamp configurations, as indicated by the
horizontal bars, are plotted. The time constant values were not affected by
the patch configuration. (C) Relative amplitudes of the two exponential
components in the three patch-clamp configurations. The current traces in
A4 were fitted with the sum of two exponentials. The relative amplitude of
the slow inactivation component is smaller in the inside-out and cramming
configurations, and patch-cramming did not restore the fractional ampli-
tude. (D) Comparison of the inactivation fit parameters in the cell-attached,
inside-out, and cramming configurations. Currents traces from multiple
patches (n = 10) were fitted with the sum of two exponentials, and the
inactivation parameters in different configurations are shown using box
plots (Velleman and Hoaglin, 1981). Briefly, the central box represents the
middle 50% of the data, and the center line shows the median. The
whiskers show the main body of the data, excluding outliers. The shaded
area represents the 95% confidence interval of the median. The difference
in the slow component fraction between the cell-attached and inside-out
configurations is significant at p = 0.002 (paired sign test).
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plotted as a function of time in the experiment in Fig. 2, B
and C. The results show that patch excision noticeably
decreased the fractional amplitude of the slow inactivation
component without markedly affecting the time constant
values of the two components. Patch cramming, where the
electrode tip is inserted back into the oocyte cytoplasm to
expose the channels to the cytoplasmic factors (Kramer,
1990), did not restore the inactivation time course of the
ShBA6—-46:T449 channel (Fig. 2, B and C). The effect by
patch excision of accelerating the inactivation kinetics was
complete within 5-10 min. The inactivation parameters
pooled from multiple patches are compared in Fig. 2 D,
using box plots. The comparison again shows that patch
excision did not markedly affect the time constant values,
but it specifically decreased the relative amplitude of the
slow inactivation component (p = 0.002, paired sign test).
Although patch excision significantly decreased the relative
fraction of the slow component, it did not totally eliminate
it, typically leaving 5-10%. These results indicate that patch
excision destroys or exhausts the factors necessary to keep
the P/C-type inactivation time course slow and that regen-
eration of those factors in the oocyte cytoplasm is very slow.
The changes in the inactivation time course observed (Fig.
2 A) are also reminiscent of the inactivation variability
observed in different patches (Fig. 1 A) in that the relative
fraction of the slow inactivation component is preferentially
altered, suggesting that the same mechanism may underlie
these phenomena.

Patch excision decreases the mean open and
burst durations

We examined the effects of patch excision at the single-
channel level, and the results from a representative experi-
ment are shown in Fig. 3. In the cell-attached configuration,
several bursts of openings are observed late in the pulse (¢ >
25 ms). After patch excision, multiple bursts were rarely
observed in a single sweep, and no openings were found at
t > 25 ms. The results obtained from multiple single-
channel patches (n = 6) show that patch excision decreased
the mean open duration from 2.4 ms to 1.7 ms (p < 0.001,
Wilcoxon signed rank test). The burst analysis using 9 ms as
the burst criterion, which considers both the C; and C;
closed events (Hoshi et al.,, 1994) as intraburst events,
showed that patch excision also decreased the mean burst
duration from 15 to 6.5 ms (p = 0.0001, Wilcoxon signed
rank test). The decrease in the mean open and burst dura-
tions indicates that patch excision destabilizes the states
involved in the channel’s burst behavior. Consistent with
the macroscopic results, the decay of the ensemble average
current became noticeably faster on patch excision (Fig. 3
B). To record the single-channel current data, depolarization
pulses were applied every 60 s because of the slow recovery
from inactivation, making collection of the first latency data
difficult. Thus we pooled the first latency data collected
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FIGURE 3 Patch excision inhibits late single-channel openings. (4)
Representative single channel records obtained in the cell-attached (/ef?)
and inside-out (right) configurations. The openings were elicited by pulses
from —100 mV to 0 mV every 60 s. After the sweeps shown in the left
panel were collected, the patch was excised. The data shown in the right
panel were collected 10 min after the patch excision. The records shown
are consecutive sweeps recorded. The records shown were digitally low-
pass filtered at 2 kHz. (B) Ensemble averages obtained from idealized
single-channel openings recorded at 0 mV in the cell-attached and inside-
out configurations. Data from six single-channel patches were pooled
because it was not practical to obtain a large number of sweeps from one
patch because of the slow recovery from inactivation. (C) The first latency
distributions obtained in the cell-attached (thick line) and inside-out (thin
line) configurations. The channel openings are elicited as in 4. Each
distribution shows the probability that the channel has opened by the time
indicated on the x axis, given that there was at least one opening in the
record. Data from six single-channel patches containing 57 and 61 first
latency events in the cell-attached and inside-out configurations are pooled.

from multiple single-channel patches in the cell-attached
and inside-out configurations, and the resulting distributions
are compared in Fig. 3 C. The first latency distributions are
statistically indistinguishable (Kolmogorov-Smirnov test,
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p > 0.2), confirming that patch excision directly affected
the inactivation mechanisms. These single-channel results
thus suggest that individual ShBA6—46:T449S channels are
capable of showing both fast and slow inactivation patterns
and that patch excision promotes the fast inactivation mode.
These single-channel results are consistent with the results
of an earlier thermodynamics study, in which this channel
shows two distinguishable inactivation components (Meyer
and Heinemann, 1997). The results also argue against the
possibility that those channels showing slow inactivation
preferentially disappear on patch excision.

Analysis using three-state models

Because a given channel is capable of showing both fast and

slow inactivation components, the double-exponential mac-

roscopic inactivation time course in the ShBA6—46:T449S

channel could be interpreted in the following two ways:
fast

Schemel

ko1 kio
O=1, =1
kio ko1

Scheme 2

In Scheme I, the channel enters two distinct inactivated
states in a mutually exclusive manner. The O-I;, and O-I,
pathways in Scheme I account for the fast and slow inacti-
vation components in the macroscopic inactivation time
course of the ShBA6—-46:T449S channel, respectively (Fig.
2). With this interpretation, the results in Fig. 2 C indicate
that patch excision causes the channel to inactivate via the
O-I, pathway more frequently by increasing the relative
value of k,, over that of k,. Based on the relative ampli-
tudes of the two macroscopic inactivation components, in
the cell-attached configuration, the probability of the chan-
nel inactivating via the slow O-I, pathway is ~0.3, and
patch excision decreases the probability to less than 0.1.Al-
ternatively, in Scheme II, the channel sequentially enters
two kinetically distinct inactivated states. Scheme II is con-
sistent with the observation that, in the absence of N-type
inactivation, the Shaker channel may first enter the rela-
tively unstable P-type inactivated state and then the more
stable C-type inactivated state (Loots and Isacoff, 1998).
According to this interpretation, the I, state may represent
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the P-type inactivated state and the I, state may represent
the C-type inactivated state. The results from macroscopic
current data presented below were analyzed using Scheme
II as the framework, which in turn is consistent with the
results of Loots and Isacoff (1998) that the channel sequen-
tially enters P- and then C-type inactivated states. The
Scheme II rate constant values in the cell-attached, inside-
out, and cramming configurations from one representative
patch are shown in Fig. 4 A. Patch excision increased the
value of k,, by ~100% from 150 s~' to 300 s~ ' and
decreased the value of k,, by 50% from ~40 s~ ' to ~20
s~ '. The k,, and k,, values were not noticeably affected by
patch excision. Furthermore, patch cramming did not affect
any of the rate constants. The rate constant values estimated
from multiple patches are compared in Fig. 4 B, showing
again that only k,, and k,, are noticeably affected by patch
excision. The increase in k;, is consistent with the single-
channel results that patch excision decreased the mean burst
duration. Using the interpretation of the double-exponential
inactivation time course presented above, this kinetic anal-
ysis suggests that the kinetic transitions between the open
and the P-type inactivated states are preferentially affected
by patch excision.

High external K* does not alter the sensitivity to
patch excision

High external K™ slows entry into P/C-type inactivation by
preventing clearance of ions from the channel pore (Lopez-
Barneo et al., 1993; Baukrowitz and Yellen, 1995; Levy and
Deutsch, 1996; Starkus et al., 1997). We examined whether
high K™ influences the acceleration of the inactivation time
course of the ShBA6—46:T449S channel induced by patch
excision. The ShBA6—-46:T449S currents were recorded in
the presence of 140 mM extracellular K. As shown in
other ShBA6—-46 channels without N-type inactivation
(Lépez-Barneo et al., 1993), high external K* slowed the
overall inactivation time course of the ShBA6—46:T449S
channel. The double-exponential nature of the inactivation
time course observed with low K™ was maintained in the
presence of 140 mM extracellular K. The inactivation time
constant values were approximately twice as great as those
found with low K™, and the relative fraction of the slow
inactivation was also greater with high K™, ranging from
30% to 60% in the cell-attached configuration (cf. Fig. 2). In
the presence of high external K™, patch excision still accel-
erated the inactivation time course most noticeably by de-
creasing the relative fraction of the slow inactivation com-
ponent (Fig. 5, B and C). A small decrease in the time
constant value of the slow component was also observed.
The currents recorded in the cell-attached and inside-out
configurations using low external K and high external K*
are scaled and compared in Fig. 5 D. High external K*
slowed the inactivation time course in both the cell-attached
and inside-out configurations in a qualitatively similar man-
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FIGURE 4 Patch excision alters the rate constants near the open state.
(4) Currents traces shown in Fig. 2 4 were fitted with the three-state model
(Scheme 1II; see text), and the rate constant values estimated in the three
patch-clamp configurations, as indicated by the horizontal bars, are plotted.
(B) Comparison of the values of the rate constants in the three-state model
(Scheme 1II; see text) in the cell-attached, inside-out, and cramming con-
figurations in multiple patches. The results from 10 different patches are
compared using box plots. The differences in k,, and k,, between the
cell-attached and inside-out configurations are significant at p = 0.002 and
0.002, respectively (paired sign test).

ner, suggesting that patch excision does not influence the
inactivation time course by regulating its external K* sen-
sitivity. The results obtained with high external K™ were
also analyzed using Scheme II (Fig. 5 E). As found using
low external K, patch excision markedly increased the
value of k,, and decreased the value of k.
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We also estimated the time courses of recovery from
inactivation in the cell-attached and inside-out configura-
tions, using a standard double-pulse protocol. We found that
the recovery kinetics was not affected by patch excision at
—90 mV (n = 5; data not shown).

Hydrogen peroxide accelerates the inactivation
time course

Cellular reduction of met(O) to methionine is catalyzed by
MSRA (Rahman et al., 1992; Moskovitz et al., 1996; Kus-
chel et al.,, 1999). Because oocytes have a low level of
MSRA activity (Ciorba et al., 1997), the effect of methio-
nine oxidation on channel function is expected to be essen-
tially irreversible without exogenous MSRA. The observa-
tion that the effect of patch excision is not reversed by patch
cramming is consistent with the idea that oxidation of
methionine might be involved in regulation of the P/C-type
inactivation time course of the ShBA6—46:T449S channel
by patch excision described above. Hydrogen peroxide
(H,0,) is normally produced in cells by the action of the
dismutase on the superoxide anion (O, ) (Chance et al.,
1979; Wolin and Mohazzab, 1997), and it has been used
widely to induce oxidation in many different experimental
systems (Vega-Saenz de Miera and Rudy, 1992; Wang et
al., 1996; Kourie, 1998). H,0O, is capable of oxidizing
methionine to met(O) (Vogt, 1995; Keck, 1996). Thus we
attempted to determine whether H,O, could mimic the
effect of patch excision to accelerate the inactivation time
course of the ShBA6—-46:T449S channel by decreasing the
fractional amplitude of the slow inactivation component.
Representative currents recorded in the cell-attached con-
figuration before and after addition of H,O, are shown in
Fig. 6. H,0, (0.03—0.1%) accelerated the overall inactiva-
tion time course. The H,O, concentration required to accel-
erate the inactivation time course and the effect latency
were variable in the different oocytes examined. In some
patches, 0.03% H,0O, immediately accelerated the inactiva-
tion time course, while in others 0.1% H,0O, accelerated the
time course only after a few minutes of incubation. This
variability may reflect different oxidant scavenging capa-
bilities of different oocytes. We also monitored the reversal
potential of the macroscopic current and found that H,O,
did not affect the reversal potential, suggesting that the ion
selectivity of the channel was unaltered by H,O, (data not
shown). The effect of H,O, was not reversed by washing
the bath with H,O,-free solution for up to 10 min (n = 3;
data not shown). As observed with patch excision, H,O,
also accelerated the ShBA6-46:T449S currents in the pres-
ence of high external K* (n = 4; data not shown).

The effect of H,O, was analyzed by fitting the macro-
scopic current time course with the sum of two exponen-
tials. As found with patch excision, H,O, accelerated the
overall inactivation time course by decreasing the fractional
amplitude of the slow inactivation component without
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FIGURE 5 Patch excision accelerates the ShBA6—46:T449S inactiva-
tion time course in high external K*. (4) Consecutive currents recorded in
response to pulses from —90 mV to +50 mV in the cell-attached (CA),
inside-out (10), and cramming (CRAM) configurations in one representa-
tive experiment in the presence of 140 mM K™ in the extracellular
medium. The current traces recorded in the cell-attached configuration
were slower than those in the inside-out or cramming configurations. (B)
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markedly affecting the time constant values (Fig. 6 B). The
analysis using Scheme II also shows that H,O, application
increased the value of &, and decreased the value of i,
(Fig. 6 C; p = 0.0078 and 0.031, paired sign test). Thus the
effects of patch excision and H,O, are similar in that they
both alter k,, and k,, (Fig. 4 and 6).

Hyperoxia accelerates the inactivation
time course

Reactive oxygen species, such as O, and H,O,, are con-
sidered to be involved in cellular response to a variety of
stimuli, including changes in O, (Suzuki et al., 1997; Wolin
and Mohazzab, 1997). Therefore we attempted to determine
whether high O, could accelerate the inactivation time
course of the ShBA6—-46:T449S channel. Representative
macroscopic ShBA6-46:T449S currents recorded before
and after the bath was perfused with the solution aerated
with 100% O, are shown in Fig. 7. As found with H,O,, the
high-O, solution markedly accelerated the overall inactiva-
tion time course by decreasing the fractional amplitude of
the slow inactivation component within 5—-10 min of appli-
cation. Thus patch excision, H,O, and O, affect the inac-
tivation time course in similar ways.

ShBA6-46:T449K is also affected by
patch excision

Position 449 in the ShB channel is one of the major deter-
minants of P/C-type inactivation (Lopez-Barneo et al.,
1993; Schlief et al., 1996). With a lysine at this position
(ShBA6—-46:T449K), the overall inactivation time course is
noticeably slower than with a serine at the same position
(ShBA6-46:T449S) (Fig. 8; also see Schlief et al., 1996).
The time course of recovery from inactivation in the
ShBA6—-46:T449K channel is also markedly faster. Kupper
et al. (1995) showed that the patch excision sensitivity of
Kv1.3 may be dependent on the amino acid residue present

The currents traces shown in 4 were fitted with the sum of two exponen-
tials, and the time constant values in the three patch-clamp configurations,
as indicated by the horizontal bars, are plotted. (C) Relative amplitudes of
the two exponential components in the three patch-clamp configurations.
The current traces in 4 were fitted with the sum of two exponentials. The
relative amplitude of the slow inactivation component is smaller in the
inside-out and cramming configurations. (D) Scaled currents recorded at
+50 mV in the cell-attached and inside-out configurations in the presence
of low external K™ (10 mM) and high external K* (140 mM) are shown.
The left panel shows the currents recorded in the cell-attached configura-
tion (CA), and the right panel shows the currents recorded after patch
excision (IO). In each panel, the data shown are from two separate
experiments, one using low K™ and the other high K*. (E) Comparison of
the values of the rate constants in the three-state model (Scheme II; see
text) in the cell-attached, inside-out, and cramming configurations in
multiple patches. The results from seven different patches are compared
using box plots.
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FIGURE 6 H,0, accelerates the ShBA6—46:T449S inactivation time
course. (4) Representative current traces recorded at +50 mV in the
cell-attached configuration before and after application of H,O, (0.1%).
H,0, was applied to the bath, and the current shown was recorded 10 min
later. (B) Current traces before and after H,O, (0.1%) from multiple
patches (n = 11) were fitted with the sum of two exponentials. The fit
parameters are compared using box plots. The difference in the slow
inactivation fraction between the control and after H,O, is significant at
p = 0.001 (paired sign test). (C) Comparison of the values of the rate
constants in the three-state model (Scheme II; see text) before and after
H,0, (0.1%) application. The results from 11 different patches are com-
pared using box plots. The differences in k,, and k,, between the control
and after H,O, are significant at p = 0.0078 and 0.0313, respectively
(paired sign test).

at the 449 equivalent position. We investigated whether the
ShBA6—-46:T449K channel was also affected by patch ex-
cision. As found with the ShBA6—46:T449S channel, patch
excision did accelerate the overall inactivation time course
of the ShBA6—46:T449K channel, although the effect was
less pronounced (Fig. 8 A). Patch cramming did not restore
the inactivation time course. The inactivation time course of
the ShBA6—46:T449K channel was well approximated by a
single exponential without requiring the sum of two expo-
nentials as found in the ShBA6—46:T449S channel. Patch
excision decreased the inactivation time constant value as
compared in Fig. 8 B.
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FIGURE 7 High O, accelerates the ShBA6—46:T449S inactivation time
course. (4) Representative current traces recorded at +50 mV in the
cell-attached configuration before and after application of the high O, bath
solution. The normal bath solution, aerated with 100% O, for at least 20
min, was applied (three times the bath volume) every 4 min. The current
shown was recorded 10 min after application of the high O, solution. (B)
The current traces before and after application high O, solution from
multiple patches (n = 9) were fitted with the sum of two exponentials. The
fit parameters are compared using box plots. The difference in the slow
inactivation fraction between the control and after O, is significant at p =
0.0001 (paired sign test).

M440 in the P-segment may mediate the
channel sensitivity to patch excision,
H,0,, and hyperoxia

The results presented thus far suggest that patch excision,
H,0, and high O, accelerate the ShBA6—-46:T449S inac-
tivation time course in a kinetically similar manner, sug-
gesting that their underlying mechanisms are common.
H,0, is known to oxidize methionine to met(O) (Vogt,
1995), and, in some conditions, this oxidant may specifi-
cally affect methionine (Keck, 1996). Because many resi-
dues in the S5-, P-, and S6-segments are known to affect the
P/C-type inactivation time course (Iverson and Rudy, 1990;
Hoshi et al., 1991; Lopez-Barneo et al., 1993; Heginbotham
et al., 1994; Schlief et al., 1996; Olcese et al., 1997; Yang
et al., 1997; Ogielska and Aldrich, 1998), we hypothesized
that oxidation of methionine at position 440 (M440 in ShB
numbering) located in the P-segment could account for the
acceleration of the inactivation time course by patch exci-
sion, H,0,, and high O,. According to this hypothesis,
when M440 is not oxidized the slow component of the
inactivation time course is prominent, and when M440 is
oxidized to met(O), the slow component fraction decreases.
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FIGURE 8 The inactivation time course of the ShBA6—46:T449K chan-
nel is also sensitive to patch excision. (4) Representative currents recorded
in response to pulses from —90 mV to +50 mV in the cell-attached (CA),
inside-out (10), and cramming (CRAM) configurations in one representa-
tive experiment. (B) The current traces in the cell-attached (CA), inside-out
(I0), and cramming (CRAM) configurations are fitted with a single expo-
nential. The time constant values are plotted as a function of time in one
representative experiment. (C) Time constant of inactivation measured
from multiple patches (n = 4) in different patch-clamp configurations is
compared using box plots.

To test this hypothesis, we mutated M440 to L, which is less
readily oxidized than methionine (Stadtman, 1993; Vogt,
1995). In the ShBA6—-46:T449K background, mutation of
M440 to I is known to accelerate the inactivation time
course (Schlief et al., 1996). Representative macroscopic
currents from the ShBA6—46:M440L:T449S channels re-
corded are shown in Fig. 9 4. Unlike the inactivation time
course of the ShBA6-46:T449S channel, that of the
ShBA6—-46:M440L:T449S channel was consistent among
the patches examined. Furthermore, the ShBA6-46:
M440L:T449S inactivation time course was well described
by a single exponential whose time constant value, ~60—80
ms (Fig. 9 B), was similar to that of the slow exponential
component in the SABA6—46:T449S channel (see Fig. 2).
Representative ShBA6—-46:M440L:T449S currents re-
corded in the three patch-clamp configurations are shown in
Fig. 9 A. Patch excision slightly accelerated the inactivation
time course and unexpectedly enhanced the peak current
amplitude. However, unlike the effect of patch excision
observed on the ShBA6—-46:T449S channel, these effects
were fully reversible upon patch cramming (Fig. 9 B). The
inactivation time constant values obtained from multiple
patches in the cell-attached, inside-out, and cramming con-
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FIGURE 9 The inactivation time course of the ShBA6—46:M440L:
T449S channel is less sensitive to patch excision. (4) Representative
currents recorded in response to pulses from —90 mV to +50 mV in the
cell-attached (CA), inside-out (10), and cramming (CRAM) configurations
in one experiment. (B) The currents traces from the experiment shown in
A were fitted with a single exponential, and the time constant value is
plotted as a function of time. The patch-clamp configurations are indicated
by the horizontal bars. (C) The current traces from multiple patches (n =
7) are fitted with a single exponential, and the time constant values are
compared using box plots.

figurations are compared in Fig. 9 C. The difference in the
mean time constant value between the cell-attached and
inside-out configurations was significant (p = 0.0136,
paired f-test). However, the difference between the cell-
attached and cramming configurations was not significant
(p = 0.3085, paired #-test), confirming the full reversibility.
This observation indicates that M440 may be responsible in
part for the effect by patch excision of accelerating the
inactivation time course of the ShBA6—46:T449S channel.

We also tested the sensitivity of the ShBA6—46:M440L:
T449S channel to H,0, and found that H,O, (up to 0.3%)
did not alter the channel inactivation time course (Fig. 10).
The inactivation time constant values estimated before and
after H,0O, application are compared in Fig. 10 C, using box
plots, showing the lack of the H,O,-sensitivity of this chan-
nel. H,0,, however, slightly increased the peak current
amplitude in many patches. Furthermore, high O,, which
accelerated the ShBA6—46:T449S inactivation time course
(see Fig. 7), failed to affect the inactivation time course of
the channel in a noticeable manner (Fig. 11). As with H,0,,
high O, slightly increased the peak current amplitude. These
results further suggest that the effects of patch excision,
H,0,, and O, observed in the ShBA6—46:T449S channel
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FIGURE 10 H,O, does not alter the inactivation time course of the
ShBA6—-46:M440L:T449S channel. (4) Representative currents recorded
in response to pulses from —90 mV to +50 mV in the cell-attached
configuration before and after H,0, (0.3%). (B) The current traces from the
experiment shown in 4 were fitted with a single exponential, and the time
constant value is plotted as a function of time. The H,O, application period
is indicated by the dark horizontal bar. 0.1% H,0, was applied for 10 min,
and then 0.3% was applied thereafter. Note that 0.3% is greater than the
concentration required to accelerate the inactivation time course of the
ShBA6-46:T449S channel (see Fig. 6). (C) Inactivation time constant
values at +50 mV from multiple patches (n = 7) measured before and after
H,0, (=0.1%) are compared using box plots.

may be mediated at least in part by oxidation of methionine
at position 440 in the P-segment. Because patch excision
and oxidation are expected to have multitudes of effects, we
cannot totally exclude the possibility that other effects con-
tribute to the observed acceleration of the inactivation time
course.

Conformational changes associated with channel gating
are known to regulate accessibility/reactivity of the amino
acid residues in the channel protein, so that state-dependent
modifications of the channel function may be achieved (for
a review, see Yellen, 1998). We considered the possibility
that regulation of the inactivation time course by patch
excision, which is probably mediated by oxidation of M440
in the P-segment (see above), is dependent on the channel
opening. It might be expected that opening of the activation
gate may increase the accessibility of M440. Thus we tested
whether the depolarization pulse frequency affected the
efficacy of patch excision in accelerating the inactivation
time course. Immediately after the patch excision, the patch
was held at —120 to —140 mV without any depolarizing
pulse to prevent the channels from opening for 10 min.
After this hyperpolarization period, depolarizing pulses
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FIGURE 11 High O, does not alter the inactivation time course of the

ShBA6—-46:M440L:T449S channel. (4) Representative currents recorded
in response to pulses from —90 mV to +50 mV in the cell-attached
configuration before and after application of the high O, solution. The
normal bath solution, aerated with 100% O, for at least 20 min, was applied
(three times the bath volume) every 4 min. The current shown was recorded
14 min after application of the high-O, solution. (B) The current traces
from multiple experiments (n = 5) were fitted with a single exponential,
and the time constant values before and after high O, application are
compared using box plots.

were applied every 60 s. Although in a few cases this
protocol clearly prevented the acceleration of the inactiva-
tion time course in ShABA6—-46:T449S by patch excision or
H,0,, the results were too inconsistent to firmly support the
hypothesis.

MSRA catalyzes reduction of met(O) to methionine by
using cellular thioredoxin or dithiothreitol (DTT) in vitro
(Rahman et al., 1992; Moskovitz et al., 1996). Application
of DTT alone (1 mM) to the cytoplasmic side of the inside-
out patch did not have any detectable effect on the inacti-
vation time course of the ShBA6—46:T449S channel (n =
3). The failure of DTT alone to reverse the acceleration of
P/C-type inactivation further argues against involvement of
disulfide bridge formation. We applied purified recombi-
nant bovine MSRA (0.06 pg/ul) (Moskovitz et al., 1996) to
the ShBA6—46:T449S channel in the presence of DTT (1
mM). This condition has been shown to reduce the oxidized
methionine in the ShC/B inactivation peptide to methionine
(Ciorba et al., 1997). Incubation with MSRA and DTT for
up to 20 min did not noticeably affect the ShBA6—46:
T449S inactivation time course in the inside-out configura-
tion (n = 4).

DISCUSSION

We show here that patch excision accelerates P/C-type
inactivation of the ShBA6—46:T449S channel that lacks the
ball-and-chain N-type inactivation by decreasing the frac-
tional amplitude of the slow inactivation component. The
physiological oxidants, H,O, and O,, also accelerate the
inactivation time course in a kinetically similar manner. The
mutagenesis results suggest that this acceleration of P/C-
type inactivation is mediated at least in part by oxidation of
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a methionine residue (M440) located in the P-segment of
the channel.

Double-exponential inactivation time course of
ShBA6-46:T449S

The double-exponential inactivation time course in the ab-
sence of N-type inactivation was noted by Lopez-Barneo et
al. (1993) in ShBA6—-46:T449T, where a very small fast
inactivation component was observed in addition to the
main slow inactivation component, although this small frac-
tion was not included in the analysis (Lopez-Barneo et al.,
1993). In the ShBA6—46:T449S channel, the double-expo-
nential nature is much more noticeable, with the slow inac-
tivation component accounting for 30-50%, depending on
the external K* (Figs. 2 and 5). These two components are
observed using both low and high external K™, although the
relative amplitude of the slow component is greater with
high K™ (see Figs. 2 and 5). By manipulating hydrostatic
pressure, Meyer and Heinemann (1997) showed that the
ShBA6—-46:T449S channel shows two distinct inactivation
phases and that the inactivated state has a smaller volume.
They further showed that the time course of recovery from
inactivation, in contrast, is described by a single exponen-
tial. At the moment, it is not clear what molecular mecha-
nisms underlie the two inactivation components. The ShB
channel without N-type inactivation undergoes two addi-
tional experimentally distinguishable inactivation pro-
cesses, P- and C-type inactivation (Cha and Bezanilla, 1997;
Meyer and Heinemann, 1997; Olcese et al., 1997; Loots and
Isacoff, 1998). Loots and Isacoff (1998) further suggested
that the Shaker channel sequentially enters the P-type inac-
tivated state, which is relatively unstable, and then the stable
C-type inactivated state. This interpretation can be kineti-
cally described by the linear three-state model presented
earlier (Scheme II) that predicts the presence of two expo-
nential components. The T449S mutation may alter the rate
constants involved in P/C-type inactivation such that the
two inactivation processes become better separated in time,
so that these components are more visible in ShBA6—46:
T449S than in ShBA6—46:T449K or ShBA6—46:T449T.

K* channel inactivation and patch excision

Inactivation of voltage-gated K™ channels is often labile
and subject to regulation by patch excision. The N-terminal
cysteine residues in Kv1.4 and Kvf are quite sensitive to
oxidation (Ruppersberg et al., 1991; Rettig et al., 1994;
Heinemann et al., 1995). Patch excision to separate the
channel from the reduction-promoting cell interior readily
slows the N-type inactivation time course. A critical methi-
onine residue in the N-terminal ball domain of the ShC/B
channel is also oxidized by patch excision, slowing the
overall inactivation time course (Ciorba et al., 1997). These
N-terminal residues may be particularly vulnerable to oxi-
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dation because the channel N-terminus does not form a
well-defined structure, and these amino acid residues may
be exposed to various oxidants. Kupper et al. (1995) showed
that patch excision also accelerated P/C-type inactivation
time course in the Kv1.3 channel. They also showed that the
acceleration is not dependent on the protein kinase A or C
phosphorylation consensus sequences. We showed here that
patch excision, H,0O,, and O, accelerated the inactivation
time course in a very similar manner. The M440L mutation
largely eliminated the sensitivities to these experimental
treatments. These results thus indicate that oxidation of
methionine at position 440 in ShB may be at least partially
responsible for the acceleration of P/C-type inactivation
observed on patch excision in some channels. Our results
also confirm the conclusion of Kupper et al. (1995) that
PKA- or PKC-mediated phosphorylation is not involved. It
is possible, however, that the M440L mutation acts indi-
rectly to modulate the patch excision and oxidation sensi-
tivity of another amino acid located elsewhere. The results
presented do not totally exclude this possibility. Another
methionine in the P-segment is also important to the chan-
nel’s sensitivity to oxidation induced by Ch-T, which
readily oxidizes methionine and cysteine (Schlief et al.,
1996). In the presence of Ch-T, the inactivation time course
becomes faster and the rundown process is accelerated.
Shlief et al. further showed that M448 located in the exter-
nal mouth of the pore may participate in mediating this
effect of Ch-T. It is possible that oxidation of both M440
and M448 may work through the same underlying mecha-
nism (see below). Given the interpretation that oxidation of
M440 may be responsible for this kinetic change, the results
indicate that M440 is very readily oxidized. Considering the
putative location of M440 (see below), this high oxidation
susceptibility of M440 is somewhat surprising.

Oxidation of M440

Doyle et al. reported the crystal structure of a bacterial
channel (KcsA), which is similar to the P-segment of the
Shaker channel (Doyle et al., 1998). It is likely that the
structure of the ShBA6—46:T449S channel is comparable to
the KcsA structure (Fig. 12). At least in calmodulin, oxida-
tion of multiple methionine residues leads only to local
structural changes (Gao et al., 1998). Based on the KcsA
crystal structure, the M440 residue is located near the large
water-filled cavity of the channel cytoplasmic to the puta-
tive selectivity filter. The activation gate of the channel is
considered to be located at the cytoplasmic side of this
aqueous cavity (Liu et al., 1997). Furthermore, according to
the same structure, the side chain of the M440 residue
projects away from the pore, and it is located within several
A of the A463 residue in the S6-segment. Position 463 has
been shown to affect P/C-type inactivation in the ShB
channel (Hoshi et al., 1991; Lopez-Barneo et al., 1993), in
part by changing the K™ affinity (Ogielska and Aldrich,
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FIGURE 12 The putative structure of the S5-, P-, and S6-segments of
the Shaker channel. Based on the sequence alignment between ShB and
KcsA, the structure reported by Doyle et al. (1998) was adopted for the
ShB channel. The left panel shows the side view of the channel, and the
right panel shows the channel viewed from the cytoplasmic side sliced at
the A463 residue level. The M440 residues are show in yellow, and the
A463 residues are shown in black. The images were created with RasMol
(http://www.umass.edu/microbio/rasmol/), using the method of Guex and
Pietsch (1997).

1998). The extent by which the 463 residue influences the
inactivation time course is critically dependent on the amino
acid at position 449 in the external mouth of the pore
(Lopez-Barneo et al., 1993), which may be located just
external to the C-type inactivation gate (Molina et al.,
1997). When a threonine is present at position 449, muta-
tions at position 463 markedly influence the inactivation
kinetics, and the influence is much diminished when a
tyrosine or valine is present at position 449 (Hoshi et al.,
1991; Lopez-Barneo et al., 1993). How these two residues
interact to determine the inactivation time course is not
known, although direct side-chain interactions are consid-
ered unlikely because of their putative distant three-dimen-
sional locations (Ogielska et al., 1995). Because patch ex-
cision, H,O, and O, work in a similar way by decreasing
the fractional amplitude of the slow inactivation and sub-
stitution of a methionine at position 440 with a leucine,
which is oxidized less readily, and this effect is abolished by
methionine, we conclude that oxidation of M440 to met(O)
is responsible at least in part for the observed acceleration of
the inactivation time course. Based on the potential struc-
tural proximity between M440 and A463, we suggest that
oxidation of M440 to met(O), as induced by patch excision,
H,0,, and O,, alters P/C-type inactivation via the A463
residue in the S6-segment. Oxidation of methionine essen-
tially converts the nonpolar side chain to a hydrophilic
group by adding an oxygen to the sulfur atom (Vogt, 1995).
The hydrophobicity of met(O) is estimated to be similar to
that of lysine (Black and Mould, 1991; Black, 1992), and if
met(O) is oxidized to methionine sulfone, the hydrophobic-
ity is further reduced (Black, 1992). It is plausible that this
change at position 440 influences the A463 residue, which
in turn regulates the inactivation time course. Kinetic anal-
ysis of the single-channel and macroscopic data suggests
that those states involved in the burst behavior are destabi-
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lized by oxidation of M440, and this may alter the influence
of the A463 residue on the channel inactivation gating.
Mutations of the A463 residue have been shown to alter the
open and burst durations (Avdonin et al., 1997). If we
assume that the double-exponential nature of the ShBA6—
46:T449S inactivation (this study; Meyer and Heinemann,
1997) reflects the sequential transition of the channel into
the P- and then C-type inactivated states, as suggested
(Loots and Isacoff, 1998) and represented in Scheme II, the
results presented here indicate that oxidation of M440 to
met(O) preferentially promotes the channel’s transition into
the P-type inactivated state without noticeably affecting the
transition from the P-type inactivated state to the C-type
inactivated state. In contrast, our results suggest that the
time course of recovery from P- and C-type inactivation in
the ShBA6—46:T449S channel is not markedly altered by
patch excision and oxidation. This observation is in line
with the conclusion of Meyer and Heinemann that there is
only one rate-limiting step in the recovery process (Meyer
and Heinemann, 1997).

High external K slows down P/C-type inactivation
(Lopez-Barneo et al., 1993; Baukrowitz and Yellen, 1995;
Levy and Deutsch, 1996; Starkus et al., 1997), and the
A463C mutation influences the K™ sensitivity (Ogielska
and Aldrich, 1999). It is not likely, however, that oxidation
of M440 exerts its effect on the inactivation time course by
decreasing the ShBA6—46:T449S channel’s affinity to K*
ions, because very similar acceleration was observed in the
presence of both 10 and 140 mM extracellular K*. With
high external K*, the ion binding site(s) responsible for
slowing of the inactivation process may be maximally oc-
cupied, and changes in the K™ affinity are expected to have
fewer noticeable effects on the inactivation time course.

The ShB M440 residue is well conserved in a variety of
voltage-gated K™ channels, especially in the Kv1 family,
including Kv1.3. However, oxidation-induced regulation is
not observed in every K* channel with a methionine at the
equivalent position. For example, in the Kv1.3 channel,
mutation of the ShB T449 equivalent amino acid to a
tyrosine slowed P/C-type inactivation and reduced the patch
excision sensitivity (Kupper et al., 1995). Given that M440
may exert its action via residue 463 (see above), this may
not be surprising if one considers the results that the influ-
ence of residue 463 is dependent on the amino acid at
position 449 (Hoshi et al., 1991; Lopez-Barneo et al., 1993).
For example, residue 463 does not appreciably alter the
inactivation time course when a tyrosine or valine is present
at position 449. The interaction between residues 449 and
463 may be partly explained by the observation that the
effect of oxidation induced by Ch-T on the Shaker channel
is not markedly dependent on M440 (Schlief et al., 1996).
The results in this study suggest that, with a serine present
at position 449, the 463 residue plays a dominant role in
determining the inactivation time course, most likely by
accelerating the transition from the open state to the P-type
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inactivated state, which can be regulated by oxidation of
methionine to met(O) at position 440.

The results of the holding voltage manipulation to test the
hypothesis that acceleration of P/C-type inactivation by
patch excision or H,O, is prevented if the channel is kept
closed were inconsistent and failed to directly support the
hypothesis. Oxidants like H,O, are small and may access
the M440 residue located in the cavity inside of the putative
activation gate whether it is closed or open. Assuming that
the ShB structure is similar to that of KcsA reported by
Doyle et al. (1998), the sulfur atom of M440 is not readily
accessible from the cytoplasmic side by large molecules
(see Fig. 12). Considering this putative location of the M440
residue, it is not surprising that acutely applied MSRA from
the cytoplasmic side did not restore the inactivation time
course of the ShBA6—-46:T449S channel.

Methionine oxidation as a regulator of
cellular excitability

Many biological oxidants, such as hydrogen peroxide, hy-
droxyl radical, hypochlorous acid, and chloramine, oxidize
methionine to met(O) (Vogt, 1995). An increasing number
of reports indicate that oxidation of methionine residues in
proteins has marked functional consequences (Ciorba et al.,
1997, 1999; Berlett et al., 1998; Gao et al., 1998), some of
which can be reversed by exogenous MSRA (Ciorba et al.,
1997, 1999; Kuschel et al., 1999). Dual roles of methionine
oxidation and MSRA, as a tissue repair mechanism and as
a cellular function regulator, have been proposed (Levine et
al., 1996; Ciorba et al., 1997, 1999; Berlett et al., 1998; Gao
et al., 1998; Moskovitz et al., 1998; Kuschel et al., 1999).
Exactly how and which protein functions are altered de-
pends on many factors, including the accessibility of the
critical methionine residues. Naturally, the exposed residues
are more likely to be oxidized, as found in the Shaker
channel N-terminus (Ciorba et al., 1997, 1999; Kuschel et
al., 1999). In calmodulin, methionine oxidation inhibits its
activation of the plasma membrane Ca-ATPase (Yao et al.,
1996), and the susceptibility of methionine to oxidation is
directly related to the solvent exposure (Gao et al., 1998). In
addition, localization of the target proteins with oxidant-
generating elements may also confer specificity of the me-
thionine oxidation action. For example, colocalization with
nitric oxide synthase (Brenman et al., 1996a,b) may render
some proteins particularly susceptible to oxidation. Al-
though not yet reported, possible subcellular localization of
MSRA, perhaps in association with other regulatory pro-
teins, could bring about additional regulatory potential.
Functional modifications of many proteins by methionine
oxidation listed above and differential distributions of
MSRA in different tissues (Kuschel et al., 1999) suggest
that methionine oxidation and MSRA may have important
physiological roles and that dysfunction of MSRA may
underlie some pathological conditions.
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